Abstract The scattering characteristics of microwaves (MWs) by an underdense inhomogeneous plasma column have been investigated. The plasma column is generated by hollow cathode discharge (HCD) in a glass tube filled with low pressure argon. The plasma density in the column can be varied by adjusting the discharge current. The scattering power of X-band MWs by the column is measured at different discharge currents and receiving angles. The results show that the column can affect the properties of scattering wave significantly regardless of its plasma frequency much lower than the incident wave frequency. The power peak of the scattering wave shifts away from 0 o to about ±15 o direction. The finite-different time-domain (FDTD) method is employed to analyze the wave scattering by plasma column with different electron density distributions. The reflected MW power from a metal plate located behind the column is also measured to investigate the scattering effect on reducing MW reflectivity of a metal target. This study is expected to deepen the understanding of plasma-electromagnetic wave interaction and expand the applications concerning plasma antenna and plasma stealth.
Introduction
Electromagnetic waves (EMWs) scattering by plasma objects has long been a research hotspot because of its importance in both theoretical and practical areas. As is well known, plasma is a kind of dispersive medium with an equivalent permittivity that strongly relates to electron density and external field frequency, leading to lots of specific electromagnetic properties compared with normal metals or dielectrics. Many related applications have been widely attempted in practice including plasma lens, plasma antenna, plasma stealth and plasma switches for EMW transmission, etc [1−4] . Depending on different experiment configurations, plasma objects can be formed in various shapes such as slabs, columns and spheres. Among them the plasma column draws extensive attention as it is relatively easy to produce and control. It has great potential in the microwave (MW) and radiofrequency (RF) field to replace traditional waveguide or rod antenna [5, 6] . On the other hand, the characteristics of EMW's interaction with plasma also provide a good approach of plasma diagnostic [7−9] . As a result, plenty of research has been performed in this field. Helay et al. [10] used two separative techniques (i.e., scattering matrix model and impedance boundary condition methods) to study EMWs scattering by a non-uniform plasma column. The two methods were compared in detail and the latter was recommended for its high efficiency. Yin et al. [11, 12] investigated theoretically both penetrated and the scattered fields of a non-uniform cold magnetized plasma column surrounded by perfectly conducting strips. Belostotskiy et al. [13] employed laser Thomson scattering to measure the electron temperature and electron density in argon plasma of dc microdischarge. Hubner et al. [14] studied the axial dependency of the central-axis value of heavy particle density in surface-wave plasmas using Rayleigh scattering. What is more, Borg et al. [6] applied a surface wave plasma column as the RF antenna and found it has a similar feature with the traditional metal antenna. Shi et al. [15, 16] investigated the multiple scattering of plane EMW by various arrangements of plasma column arrays, showing its potential application as a plasma antenna array. Liu et al. [17] applied the finite-different time-domain (FDTD) method to study the EMW scattering by a conductive cylinder covered with inhomogeneous, collisional, cold and time-varying plasma, confirming that the plasma cloaking can reduce the radar cross section (RCS) of the cylinder inside.
Most of the above research concerning EMW plasma interaction focused on the overdense situation. That is to say the plasma frequency, which is determined by its electron density, is higher than the wave frequency.
In such case the plasma object acts as normal metal to a large extent. However, the underdense plasma objects whose frequency is lower than that of the incident wave can also have a non-negligible effect on the EMW's propagation, even if the wave damping is neglected due to low gas pressure. This effect is of great importance when the plasma has a non-uniform electron density distribution. In this article, we focus on the characteristics of MWs scattering by an underdense, unmagnetized and inhomogeneous plasma column. The plasma is produced by hollow cathode discharge (HCD) in lowpressure argon and the plasma frequency is much lower than the critical frequency to block the incident wave. The FDTD method is applied to simulate the interaction between MWs and plasma with different distributions of electron density. The wave power reflected from a metal plate located behind the plasma column is also measured to investigate the capability of the underdense plasma in attenuating the MW reflectivity of a metal target.
Experimental set-up
The experimental set-up is shown schematically in Fig. 1(a) . The vacuum chamber is a thin-walled glass tube with an inner diameter of Φ= 9 cm, sealed by two metal caps at both ends. The filling gas is pure argon at a pressure of 21 Pa. A cylindrical hollow cathode made of aluminum with a depth of 1.8 cm and a diameter of 2.4 cm is placed inside the tube to generate the plasma column. The diameter-to-depth ratio is 1.33 so that the enhanced glow discharge can be achieved in the hollow cathode [18] . The discharge is powered by a negative dc voltage up to −2000 V, while the circular anode made of aluminum is located 20 cm below the cathode and is grounded. The discharge voltage and current are recorded by a digital oscilloscope (Tektronix DPO4104B) through voltage probes. X-band MWs are launched from a horn antenna (with a working frequency range of 8.2-12.4 GHz) and detected by another antenna after passing through the plasma column. The detector can move around the column so that the wave power is determined at different receiving angles. The horn's opening is 6 cm × 1 cm and the electric field lines lie along its shorter axis. The distance between the antennas and the tube wall is 30 cm which is much longer than the X-band wavelength. The MW emitter and detector are connected with a vector network analyzer (VNA, Agilent E8362C, 10 MHz-20 GHz) through coaxial cables, so that the wave power and phase can be determined. For the sake of convenience, the MW is supposed to come from the left side of the tube and the corresponding directional angle is set as 180 o . The receiving angle θ of the detector is variable and the central position is set as θ = 0 o , as shown in Fig. 1(b) . When the voltage on the cathode is high enough, discharge turns on between the two electrodes. The discharge plasma almost fulfills the whole tube due to diffusion, with the light emission in the center stronger than that near the tube wall. The electron density in the column should be inhomogeneous, which has a maximum value in the column center and decreases outwards. For cold plasma, its relative permittivity ε p relates to the electron density n e and the incident frequency f also known as Drude's mode:
where ω = 2πf is the angular frequency of the incident wave, ν m is the electronneutral collision rate that depends on gas pressure, ω pe is the plasma frequency determined by n e as ω pe = n e e 2 /ε 0 m e 1/2 in which ε 0 is the permittivity of a vacuum, m e is electron mass and e is element charge. Due to the dielectric feature of plasma, MWs obtain an additional phase shift when passing through the plasma region compared with the vacuum condition. The phase shift is determined by the plasma dimension and density thus one can estimate the electron density by measuring this phase shift. This method was known as MW interferometry [7] . The MW phase after passing the plasma column at different discharge currents is shown in Fig. 2 . The detector is set in the direction of θ = 0 o , meaning the MW passes the plasma column along the diameter. The wave phase without plasma (passing through empty tube) was also given as a reference. One can see in Fig. 2 that the phase shifts gradually as the discharge current is rising. Since the dimension of the column size is determined by the tube size, the phase shift is supposed to be caused by the change of ε p due to the variety of electron density. According to the interferometry method [7, 19] , the phase shift of the MW passing through the plasma is nearly proportional to the plasma's density and dimension when the MW frequency is much higher than the plasma frequency. The averaged electron density of the measured plasma object can be approximated as
where L is the dimension of the plasma object, taken as the diameter of the plasma column in the present case or L = 9 cm and c is the speed of light in a vacuum. Taking the incident frequency as, say, 11 GHz, then we can obtain the averaged electron density at different currents in experiments from Eq. (2) as shown in Fig. 3 . Fig.3 The phase shift of 11 GHz MW and corresponding averaged electron density of the plasma column at increasing discharge current
It is seen that the averaged electron density of the plasma column approximately follows a linear relationship with the discharge current. The density is on the order of (1-10)×10 10 cm −3 in the tested current range, much lower than the critical density to sufficiently block the X-band MWs (about 10 12 cm −3 , one or two orders higher). Since the collision rate ν m is generally low in low-pressure argon plasma (about 3×10
8 /s at pressure p = 21 Pa), the MW attenuation due to collision can be neglected. Therefore the plasma in the present experiment will not be able to have a significant influence on the incident wave. However, we found that the MWs power still attenuates after passing through the plasma column, as shown in Fig. 4 . It is seen that for all 3 incident frequencies, the normalized power at θ = 0 o (or transmittance) is less than 1, indicating the wave attenuation occurs when the plasma is turned on. The wave power decreases dramatically with the discharge current, e.g., dropping from 0.8 at I= 20 mA to 0.2 at I= 180 for the incident wave of 8.2 GHz. Meanwhile for a given discharge current the transmission power is larger for higher wave frequency Since the plasma is underdense and the collision rate is sufficiently low, the attenuation should be caused by the MW scattering in the inhomogeneous plasma column. Neglecting the electron-neutral collision, the relative permittivity of the plasma can be expressed as
In the present experiment, the discharge channel is located in the center of the tube. After the plasma is generated, it will diffuse transversely and eventually fulfill the cylindrical tube. The electron density is not homogenous but has a larger value in the column center and decreases outwards along the radius, or n e = n e (r). Then the relative permittivity of the plasma column increases from the center to the tube wall according to Eq. (3), or ε p = ε p (r). Since ε p is always less than 1, the MW's entering into the plasma is actually a process from an opticdenser medium to a thinner one, and a reversed process when leaving the plasma. This will lead to a splitting of the parallel incident wave in the column according to the law of refraction, as shown in Fig. 5 . Fig.5 Wave path of 10 GHz MW in plasma column with parabolic density distribution described in Eq. (6) One can see that when parallel MWs are propagating through the column, only the central beam (at θ = 0 0 ) can transmit strictly along the diameter. Any other wave path will bend and leave the column with a deflection angle. Therefore the MW power received by the detector located at θ = 0 0 will decrease significantly, which is responsible for the result shown in Fig. 4 .
Since the MW energy loss due to electron collision can be neglected, it is reasonable to expect that the reduction of wave power at θ = 0 o will transfer to some other directions to satisfy the energy conservation. This has also been verified in our experiment. Fig. 6(a) and (b) show the detected MW power in the direction of θ = 15 o and 30 o , respectively, after being scattered by the plasma column.
As seen in Fig. 6(a) , when the detector is moved to θ=15 o , the received power is amplified obviously. Especially for the 8.2 GHz condition, the normalized wave power increases to about 2 at the current of 180 mA i.e. twice of the original power received at 15 o when the plasma is off. This indicates that a considerable part of the wave power is shifted to this direction. However, when the receiving angle is increased to θ = 30 o in Fig. 6 (b) , the receiving power always stays close to its original value (about 0.9-1.1) for different currents. We therefore consider the scattering effect of the plasma column is mainly concentrated inside the range from −30 o to 30 o . On the other hand, the scattering power varies with wave frequency at θ=15 o , similar to the situation at θ = 0 o . However, for the higher frequency of 12.4 GHz, scattering power has little change in the tested current range. That is well expected because ε p at different positions in the plasma column all tends to 1 when the frequency of the incident wave increases according to Eq. (3). As a result, the bending of the wave path due to different ε p in the column is weakened, and the wave power at 15 o gradually returns to 0 o . This explains the results that the MW power decreases with the incident frequency at 15 o in Fig. 6(a) , while it increases at 0 o in Fig. 4 . From the results above, we can see that the detected MW power changes with the receiving angle. In order to obtain a comprehensive understanding of the angular distribution of scattering wave from the plasma column, we measured the scattering patterns of 10 GHz MW from 0 o to 180 o for different currents (corresponding to different electron density n e ), as shown in Fig. 7 . o rises to nearly twice of its original value (e.g., from 0.6 to 1.2 as the current reaches 210 mA), which agrees with the former results in Fig. 6(a) . Generally speaking, the scattering pattern diverges from the plasma-off condition significantly when the receiving angle ranges from θ = 0 o to 30 o (it should be the same from 0 o to −30 o due to the symmetry of the system). Beyond this range, the pattern stays in a low level near 0 and keeps approximately unchanged for different discharge currents. What is more, the total scattering power surrounding the column under different currents can be obtained by calculating the integration of the 4 curves in Fig. 7 . For the situation of I = 150 mA, 180 mA, 210 mA and an empty tube, the calculated integration from 0 o to 180 o is 20.6, 21.5, 20.9 and 22.1, respectively, which can be seen as equal within an error of about ±5%. This agrees with our former discussion about the conservation of scattering power.
The influence of plasma density distribution
Actually, the distribution of electron density in the plasma column influences the MW scattering. To analyze this effect, we employed the FDTD method to simulate the MW scattering pattern in case of different electron distributions. The FDTD (finite-different time-domain) method is a numerical analysis technique in which the time-dependent Maxwell equations are discretized using central-difference approximations to the space and time partial derivatives. This time-domain method has been widely used in modeling the computational electrodynamics problems including some complex media such as plasma. Detailed descriptions of this method and its applications in plasma science can be found in Refs. [20, 21] .
We consider four typical distributions in plasma column i.e. linear, exponential, parabolic and Epsteinfunction. The relationships n e = n e (r) are as follows:
Epstein : n e (r) = n max 1 + exp 2r
where n max is the maximum of electron density in the center, n min is its minimum near the tube wall, and R is the radius of the plasma column (R = 4.5 cm in the present case). For ease of comparison, we set n max = 1.4×10 11 cm −3 (or twice of the averaged density n e measured in experiment at a current of 180 mA) and n min = 1.4×10 9 cm −3 (or 1% of n max ). Then the parameters α and σ can be determined accordingly. The profiles of the 4 distributions are shown in Fig. 8 .
Using the expression of equivalent permittivity of cold plasma (Eq. (1)) and the density distribution function (Eqs. (4)- (7)), one can obtain the scattering pattern for a plasma column with different distributions from the FDTD simulation. The results are shown in Fig. 9 . The power-angle profiles beside θ=0 o are symmetrical due to the symmetry of the density distribution in the plasma column. o under the present simulated conditions. The exponential distribution has little effect on the scattering pattern compared to the background curve. Only in the 0 o direction the transmission power has a small attenuation less than 0.1. The parabolic distribution is most effective in distorting the scattering pattern among the four tested distributions, with a central transmittance attenuated to less than 0.5. At the same time, the original power peak splits into two, locating around θ=±15 o . The scattering patterns of the other two distributions (i.e., linear and Epstein-function) are nearly the same. They are similar to that of the parabolic situation except for a smaller attenuation in the center. Comparing the 4 kinds of curve profiles with the experimental results in Fig. 7 , we suppose that the distribution of the electron density of HCD plasma in the experiment is close to the parabolic function. Again, the areas under the power-angle curve are nearly the same for different density distributions, indicating the conservation of the scattering power when neglecting collision loss.
3.3 Reduction of MW reflectivity from metal target using plasma column
The properties of the inhomogeneous plasma column have some similarities with the Luneburg lens [22] . Usually with a shape of sphere or hemisphere the relative permittivity ε L in the Luneburg lens gradually increases from edge to center. As a result, it acts as a strong MW reflector when the ε L -r relationship is properly designed. This technique has been used in radar decoy and high-gain radio antenna. In a similar way, if normal high-RCS targets such as antenna or aircraft are surrounded by [17] or merely placed behind a plasma object with a density distribution similar to that in the article, we can expect the target's RCS to drop to a certain extent due to the scattering of MWs, which can be a promising approach of plasma stealth [2] . In order to investigate this effect, we measured the MW reflectivity of a metal target in the presence of a plasma column. As shown in Fig. 10(a) , a large metal plate of 32 cm×20 cm is placed 30 cm behind the column from which the MW reflects completely. The MW is emitted and received by the same antenna on the left, connected to the VNA. Then we can compare the reflection power with and without plasma on the path of MW propagation. As expected, when the plasma is turned on, the reflection power of MWs in the whole X-band attenuates from its original value. As the discharge current increases, the reflection power reduces accordingly, from about 0.7 at 100 mA to 0.3 at 180 mA. For a given current, the detected power varies at different frequencies, being slightly larger at the higher frequency section. This confirms that the underdense, inhomogeneous plasma column does reduce the MW reflectivity from the metal target behind it by scattering. It is reasonable to expect a better performance in this reduction as well as its application in practical areas including plasma stealth if the plasma parameters such as the electron density and distribution can be well controlled.
Conclusion
We have investigated the scattering properties of MWs by an underdense, inhomogeneous plasma column generated by hollow cathode discharge. The electron density in the column measured by MW interferometry is one or two orders lower than the corresponding cutoff density to block the X-band incident wave. Due to the wave scattering in the column, the MW power detected in the 0 o direction attenuates significantly and decreases with the discharge current. Meanwhile the scattering power is amplified in some directions, e.g.,
±15
o in the present system. The results from FDTD simulation show that the parabolic distribution of electron density in the column is relatively more effective for the scattering of MWs. The underdense, inhomogeneous plasma column can reduce the reflectivity of a metal plate when the plasma is located between the metal and the wave source. The present experimental system is convenient to establish and the plasma column has a remarkable effect on X-band MWs even if the electron density is not very high. This is expected to be used in the research of plasma antenna, plasma stealth and other related areas.
